Depression and fatigue are frequent side effects of interferon-a (IFN-a) treatment, and there is compelling evidence that the inflammatory response system (including interleukin-6, IL-6) and the serotonergic system is important in the pathophysiology of such symptoms. Functional polymorphisms in the promoter region of the IL-6 gene (rs1800795) and serotonin transporter gene (5-HTTLPR) have been identified as regulating these systems. The present study aimed to determine if these polymorphisms were associated with the development of depression and fatigue during IFN-a and ribavirin treatment. Ninety-eight Caucasian patients receiving pegylated IFN-a and ribavirin treatment for chronic hepatitis C virus at King's College Hospital, London, and Emory University Hospital, Atlanta, participated in this prospective cohort study. Symptoms of depression and fatigue were measured before treatment and at weeks 4, 8, 12 and 24 during treatment. The 'low IL-6' synthesizing genotype (CC) was associated with significantly fewer symptoms of depression (effect size = 0.7 at week 24; F = 9.4, d.f. = 436, P = 0.002). The 'high transcription' serotonin transporter (5-HTT) genotype (LL) was also associated with significantly fewer symptoms of depression, but with a much smaller effect (effect size = 0.2 at week 24; F = 4.5, d.f. = 436, P = 0.03). Neither polymorphisms were associated with symptoms of fatigue (IL-6: F = 1.2, d.f. = 430, P = 0.2; 5-HTT: F = 0.5, d.f. = 430, P = 0.5). The smaller effects of the 5-HTT polymorphism on depression may be explained by an interaction between the genes (F = 5.0, d.f. = 434, P = 0.02): the 'protective' effect of the 5-HTTLPR polymorphism was evident only in the presence of the 'low IL-6' genotype (F = 5.4, d.f. = 64, P = 0.02), not in the presence of the 'high IL-6' genotype (F = 2.2, d.f. = 369, P = 0.1). The association between the IL-6 polymorphism and reduced risk of depressive symptoms confirms the role of the inflammatory response system in the pathophysiology of IFN-a-induced depression; in contrast, the effect of the 5-HTT gene was small and perhaps dependent on the status of the inflammatory response.
Introduction
There is compelling evidence that the inflammatory response system and the serotonergic system are important in the pathophysiology of depression and fatigue induced by interferon-a (IFN-a). Nevertheless, it is yet to be clarified whether genetic polymorphisms regulating these systems can predict the development of these psychopathological symptoms. The innate immune system cytokine, IFN-a, is the cornerstone of all pharmacological treatment for chronic hepatitis C virus (HCV) infection; the most effective treatment for this disabling and potentially lifethreatening condition is a combination of pegylated (PEG) IFN-a and the antiviral agent ribavirin. 1 IFN-a frequently induces a number of psychopathological side effects, including depression and fatigue, which impair patients' quality of life. Moreover, depression and fatigue have been associated with lower viral clearance rates in some 2, 3 but not all studies; 4, 5 inconsistencies in the literature may be due to the confounding effects of antidepressant treatment. 6 Identifying whether genetic factors predict IFN-ainduced psychopathological side effects will help clarify the molecular mechanisms underlying these symptoms, and could potentially assist in recognizing patients who will benefit from targeted prophylactic treatment. In turn, understanding the molecular mechanisms underlying IFN-a-induced psychopathological symptoms may also help clarify the mechanisms by which the innate immune system contributes to the development of depression and fatigue in patients with psychiatric disorders. Innate immune system cytokines appear to be important in the pathophysiology of the psychopathological symptoms induced by IFN-a. IFN-a is used to treat HCV because of its potent antiviral, antiproliferation and immunomodulatory properties. 7 Specifically, IFN-a modulates the cytokine network, stimulating the synthesis and secretion of proinflammatory cytokines. 8, 9 In the context of viral clearance these cytokines are useful, but unfortunately the association between proinflammatory cytokines and unpleasant behavioural changes is also well established. For example, during infection or inflammation, people and animals exhibit 'sickness behaviours' such as malaise, anorexia, sleep disturbances, fatigue and depression. 10 Interleukin-6 (IL-6) appears to be important in IFN-a-induced symptoms, as demonstrated by studies showing increased plasma IL-6 concentrations during IFN-a treatment which correlate with the severity of psychopathological symptoms, including depression. 11 Moreover, higher plasma IL-6 concentrations prior to starting IFN-a treatment have been found to predict depressive symptoms during treatment. 12 These findings are also consistent with studies showing elevated concentrations of IL-6 in patients experiencing depression and, albeit less consistently, fatigue, as part of infectioninduced sickness behaviour, 13 major depressive disorders [14] [15] [16] and chronic fatigue syndrome. 17 A functional G > C single nucleotide polymorphism (SNP, rs1800795) has been identified in the promoter region of the IL-6 gene, which is associated with differential IL-6 expression and ultimately IL-6 plasma concentrations. Specifically, the C allele is associated with lower plasma concentrations of IL-6 during immune activation than the G allele. 18 Moreover, the C allele is also associated with lower risk of autoimmune disorders, 18, 19 as well as less severe symptoms and lower mortality rates during cancer and cardiovascular diseases. 20, 21 Innate immune system cytokines have been suggested to induce depressive symptoms not only through direct effects on the brain, but also through their modulation of the serotonergic system. Specifically, these cytokines upregulate the expression of the first enzyme in the kynurenine pathway, indoleamine 2,3-dioxygenase (IDO). 22 IDO is present in nonhepatic organs throughout the body and can be induced by inflammatory cytokines in a wide range of cells including myeloid-lineage cells, epithelial cells and fibroblasts. 23 IDO metabolizes tryptophan, therefore when IDO is over-stimulated it may lead to a reduction of plasma tryptophan 24, 25 and consequently to lower concentrations of serotonin in the brain. 26 The evidence that this pathway is activated in patients receiving IFN-a, 27 along with the welldocumented relationship between altered serotonergic neurotransmission and depression, 28 implicates the serotonergic pathway in the pathophysiology of IFN-a-induced depressive symptoms. Of course, tryptophan availability is not the only factor influencing serotonergic neurotransmission. In particular, the serotonin transporter (5-HTT) affects the reuptake of serotonin into the presynaptic terminal and therefore ceases serotonergic neurotransmission; it is by blocking this mechanism that antidepressants, and in particular selective serotonin reuptake inhibitors (SSRIs), are argued to initiate their therapeutic effect. 29 Indeed, because of the role of the 5-HTT in antidepressant action, it has been suggested that this transporter may be involved in the pathophysiology of depressive disorders. 30 A common functional insertion/deletion polymorphism (5-HTTLPR) in the promoter region of the 5-HTT gene has been identified as altering promoter activity. It is widely hypothesized that the long (L) allele (16 repeats) is associated with higher transcription of 5-HTT compared to the short (S) allele (14 repeats), and therefore with increased serotonin binding and reuptake. [31] [32] [33] [34] The presence of the LL genotype has been found to be 'protective' against depression following stressful events 30 and against suicide, 35 as well as to predict a better response to SSRI antidepressants, 36, 37 although a recent study found no effects of this genotype on the occurrence of IFN-a-induced depression. 5 In order to investigate the potential effects of these genetic polymorphisms on IFN-a-induced psychopathological symptoms, we conducted a prospective study in patients receiving PEG IFN-a and ribavirin treatment for HCV. The study was conducted in parallel in London, UK, and in Atlanta, GA, USA. Based on the previously mentioned evidence linking high concentrations of IL-6 and low availability of serotonin with psychopathological symptoms, we hypothesized that patients who carry two copies of the C 'low IL-6' allele, or of the L 'high transcription' 5-HTT allele, would develop significantly less depression and fatigue during PEG IFN-a and ribavirin treatment. Moreover, based on the previously mentioned evidence linking immune activation with lower tryptophan availability, we hypothesized that there would be an interaction between the IL-6 and the 5-HTT gene, so that the effects of the 5-HTT polymorphism would be evident only in the presence of normal tryptophan availability, that is, in the presence of the 'low IL-6' synthesis polymorphism. At the time when the study was conducted, there was no information on the putative role of serotoninrelated genes in the development of IFN-a-induced depression; however, a recent paper, mentioned above, has found, in a large sample of German patients, that this 5-HTT polymorphism as well as a variation in the tryptophan hydroxylase-2 (TPH2) have no effect on the development of IFN-ainduced depression, whereas a polymorphism in the serotonin 5HT1a receptor gene has a significant effect on IFN-a-induced depression. 5 The TPH2 and the 5HT1a receptor genes have not been analysed in our sample.
Materials and methods

Subjects
All 98 subjects in this study had chronic HCV infection with compensated liver disease and were scheduled to receive PEG IFN-a-2b (1.5 mg kg À1 , weekly, via subcutaneously injection) and daily ribavirin (800-1200 mg) for at least 24 weeks. Subjects were recruited between January 2001 and July 2003 from the Institute of Liver Studies, King's College Hospital, London, UK and Emory University Hospital, Atlanta, GA, USA; the two groups included 55 Caucasian individuals (42 Men, 13 women; mean age ± s.d. = 45.5 ± 7 years) and 43 Caucasian individuals (21 Men, 22 women; mean age± s.d. = 45.6 ± 7 years), respectively. The two groups were recruited and studied independently, but with extensive liaison between the principal investigators at the planning stage to facilitate pooling of the data. This paper presents the only genetic study conducted on this pooled sample, and only these two specific hypothesis-driven candidate genes have been tested. Because of differences in frequency of the IL-6 and 5-HTT polymorphisms between ethnic groups, 18, 38 only Caucasian subjects were included in the genetics study presented here. Further information on the psychopathological symptoms experienced by the complete sample is described elsewhere. 2, 39 Subjects had a baseline psychiatric evaluation of current mental state and previous psychiatric history, using the Clinical Interview Schedule-Revised 40 in the UK sample and the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, 4th edn (SCID) 41 in the USA sample. Subjects with a current severe depression or psychotic illness were excluded, as were those with a history of substance abuse who had not been abstinent for at least 6 months. Other exclusion criteria included prior treatment with IFN-a therapy, pregnancy, autoimmune disorder and any cause for liver disease other than HCV. The study was approved by King's College Hospital Research Ethics committee and by the Emory University School of Medicine Institutional Review Board, and all subjects provided written informed consent.
Study design
The study utilized a prospective cohort design. Subjects were evaluated at baseline (immediately before treatment began) and at weeks 4, 8, 12 and 24 during PEG IFN-a and ribavirin treatment. Psychopathological symptoms at both sites were evaluated at each visit through self-report questionnaires previously used by the authors in similar populations. [42] [43] [44] For symptoms of depression, the UK site used the Beck Depression Inventory, 45 whereas the USA site used the Zung Self-Rating Depression Scale (SDS) expressed as 100 point (SDS Index). 46 Fatigue was assessed at both sites using the Chalder Fatigue Questionnaire. 47 The Chalder Fatigue Questionnaire has 14 items that measure mental and physical fatigue. Subjects select the most appropriate answer to questions such as 'Do you have problems with tiredness?' from four responses that lie along a continuum: 'Less than usual', 'no more than usual', 'worse than usual' and 'much worse than usual'.
Antidepressant administration was dictated by the clinical judgement of treating physicians and was not controlled by study protocol. Nevertheless, concomitant medications including antidepressants were recorded by study personnel at each assessment.
DNA extraction
Genomic DNA was extracted from cheek swabs using the Freeman method 48 and from buffy coats using the Qiagen M48 robotic DNA extraction protocol (Qiagen Inc., Valencia, CA, USA) from patients from both the United Kingdom and the United States, respectively.
Genotyping the IL-6 polymorphism
The SNP in the promoter region of the IL-6 gene (rs1800795) was genotyped using a PCR-restriction fragment length polymorphism assay as described in Fishman et al. 18 The region including the polymorphism was amplified using the following primers: forward: 5 0 -CAGGAAGAACTCAGATGACTGG-3 0 ; reverse: 5 0 -GCTGGGCTCCTGGAGGGG-3 0 . PCR conditions were 20 mM of each primer, 2.5 mM of each dNTP, 1 U Taq, 10 Â PCR buffer, 25 mM MgCl 2 and 10 ng ml À1 genomic DNA. An initial denaturation step at 95 1C for 10 min was followed by 30 cycles of the following conditions, 95 1C for 15 s, then 55 1C for 15 s and 72 1C for 1 min, with a final extension at 72 1C for 10 min. The PCR product (612 bp) was then digested with 1 U SfaNI restriction enzyme at 37 1C for 90 min and the digested products were visualized by electrophoresis on a 3% agarose gel. The C/C homozygote samples produced an undigested product of 612 bp. The G/G homozygote samples produced two visible products of 377 and 235 bp. The G/C heterozygote samples produced three visible products of 612, 377 and 235 bp.
Genotyping the 5-HTT Polymorphism
The polymorphism in the promoter region of the 5-HTT gene (5-HTTLPR) was genotyped applying PCR amplification using the following primers:
forward: 5 0 -GAATGCCAGCACCTAACC-3 0 ; reverse: 5-ATACTGCGAGGGGTGCAG-3. PCR was carried out in 384-well plates in a 10 ml volume with 10 ng DNA. Each PCR reaction contained 0.5 mM of each primer, 0.08 mM of dATP, dCTP and dTTP and 0.04 mM of dGTP, 0. Statistical analyses SPSS was used to conduct the main statistical analyses on the combined sample; the scores from the self-report scales were standardized as the effect size of the difference between baseline and each subsequent time point. Specifically, the difference between each subject's score at each time point and the mean sample score at the baseline was calculated, and then divided by the standard deviation of the sample score at the baseline. A Mixed Linear Model approach for longitudinal data was used to investigate the between-groups effects of the IL-6 and 5-HTT polymorphisms, whereas Dunnett's post-hoc test was used to detect within-group changes between baseline and successive time points. Baseline (pre-treatment) measures of psychopathology were used as covariates in the analysis. T-tests and w 2 -analyses were used to test for differences between groups in sociodemographic and clinical features. Data are presented as mean ± s.e.m. Two-tailed hypotheses were used with a statistical significance level set at P < 0.05.
For statistical analyses, GG and GC (IL-6 gene) individuals, as well as SS and SL (5-HTT gene) individuals, were grouped together because in most functional analyses the G and the S alleles appear to have a dominant mode of action in their respective genes. 18, 31, 32, 49 Results
Distribution of genotypes
The IL-6 and 5-HTT polymorphism frequencies are presented in Table 1 , for the sample as a whole and by country of recruitment; the genotypic distribution of the whole sample was in Hardy-Weinberg equilibrium for the IL-6 (w 2 = 0.01, d.f. = 1, P = 0.9) and 5-HTT (w 2 = 0.8, d.f. = 1, P = 0.9) polymorphisms. There was no difference between the two IL-6 genotype groups, or the two 5-HTT genotype groups, in age, gender distribution, history (including baseline) of psychiatric diagnoses, use of antidepressant medications at baseline or at any time during treatment and use of other concomitant medications (sedatives in eight subjects, other medications in three subjects) (see Table 2 ).
Effects of IL-6 genotype on psychopathological symptoms We found a main effect of IL-6 genotype on depressive symptoms during IFN-a and ribavirin treatment (Figure 1a ), but not on fatigue (Mixed Linear Model, F = 1.2, d.f. = 430, P = 0.3; Figure 1b) . Specifically, and consistent with our hypothesis, CC subjects developed fewer depressive symptoms compared to the grouped GG/GC genotypes (F = 9.4, d.f. = 436, P = 0.002). This difference was large: at week 24, there was a 0.7 effect size difference between the genotype groups. Moreover, subjects with the CC genotype did not show a statistically significant increase in depressive symptoms at any time points when compared with baseline (Dunnett's test, P-value 0.8-1.0), whereas subjects with the GG/GC genotypes showed a statistically significant increase in depressive symptoms at weeks 8, 12 and 24 (Dunnett's test, P-value < 0.001-0.03).
Similar results (but with less statistical power) were obtained when the analyses were conducted separately according to the country of recruitment. In the English sample, CC subjects developed fewer depressive symptoms compared to the grouped GG/GC genotypes (F = 4.3, d.f. = 222, P = 0.04). Moreover, at week 24, there was a 0.85 effect size difference between the genotype groups. Finally, the subjects with the CC genotype did not show a statistically significant increase in depressive symptoms at any time points when compared with baseline (Dunnett's test, P ranging 0.9-1.0), whereas subjects with the GG/GC genotypes showed a statistically significant increase in depressive symptoms at week 24 (Dunnett's test, P = 0.05). In the American sample, CC subjects also developed fewer depressive symptoms compared to the grouped GG/GC genotypes, but this did not reach statistical significance (F = 3.1, d.f. = 211, P = 0.078). Moreover, at week 24 there was a 0.4 effect size difference between the genotype groups. Finally, subjects with the CC genotype did not show a statistically significant increase in depressive symptoms at any time points when compared with baseline (Dunnett's test, P ranging 0.3-1.0), whereas subjects with the GG/GC genotypes showed a statistically significant increase in depressive symptoms at weeks 8, 12 and 24 (Dunnett's test, P ranging < 0.001-0.03).
Effects of 5-HTT genotype on psychopathological symptoms
We found a main effect of 5-HTT genotype on depressive symptoms during IFN-a and ribavirin treatment (Figure 2a ), but not on fatigue (F = 0.5, d.f. = 430, P = 0.5; Figure 2b ). Specifically, and consistent with our hypothesis, LL subjects developed significantly fewer depressive symptoms during treatment than the grouped SS/SL genotypes (F = 4.5, d.f. = 436, P = 0.03). However, although statistically significant, this difference was smaller than the difference (described above) associated with the IL-6 genotype: at week 24, there was a 0.2 effect size difference between the genotype groups. Comparisons between baseline and subsequent time points also indicate an effect of 5-HTT genotype, although not as strong as that of the IL-6 genotype: subjects with the LL genotype showed a statistically significant increase in depressive symptoms but only at week 24 compared with baseline (Dunnett's test, P = 0.003), whereas subjects with the SS/SL genotypes showed a statistically significant increase in depressive symptoms at both weeks 8 and 24, and a statistical trend at week 4 (Dunnett's test, P ranging < 0.001-0.06).
Again, similar results (but with less statistical power) were obtained when the analyses were conducted separately according to the country of recruitment. In the English sample, LL subjects developed fewer depressive symptoms compared to the grouped SS/SL genotypes, but this was not statistically significant (F = 0.4, d.f. = 222, P = 0.5); the largest difference between the genotype groups was at week 8 (0.3 effect size); and neither genotype groups show a statistically significant increase in depressive symptoms at any time points when compared with baseline (Dunnett's test, P ranging 0.2-1.0). In the American sample, LL subjects also developed fewer depressive symptoms compared to the grouped SL/SS genotypes (F = 4.0, d.f. = 211, P = 0.047); at week 24 there was a 0.4 effect size difference between the genotype groups; and subjects with the LL genotype showed a statistically significant increase in depressive symptoms only at week 24 (Dunnett's test, P = 0.03), whereas subjects with the SL/SS genotypes showed a statistically significant increase in depressive symptoms at week 24 (P < 0.001) and statistical trends for an increase at weeks 4, 8 and 12 (Dunnett's test, P ranging 0.068-0.099).
Interaction between genes
In addition to the main effect of both polymorphisms on depressive symptoms during treatment, there was also a gene-gene interaction (F = 5.0, d.f. = 434, P = 0.02). We investigated this interaction by stratified analysis based on our a priori hypothesis. Specifically, we tested the effects of the 5-HTT polymorphism within each of the two IL-6 genotype groups separately. Within the group of subjects who had the 'low IL-6' genotype, the LL 5-HTT genotype was associated with significantly fewer depressive symptoms (F = 5.4, d.f. = 64, P = 0.02; Figure 3a) : at week 24, there was a 1.1 effect size difference between the genotype groups. However, the LL polymorphism was not associated with a protective effect in patients who had the 'high IL-6' genotypes (F = 2.2, d.f. = 369, P = 0.1; Figure 3b ): at week 24, there was virtually no difference (0.01 effects size) between the genotype groups.
Discussion
This study is the first to report an association between the G > C polymorphism in the IL-6 gene and the 5-HTTLPR insertion/deletion polymorphism in the 5-HTT gene, and protection against the development of depressive symptoms induced by IFN-a treatment. Specifically, carrying two copies of the 'low IL-6' C allele or of the 'high transcription' L polymorphism was associated with a less marked increase in depressive symptoms. The protective effect of 'low IL-6' genotype was large and present irrespective of the 5-HTT polymorphism. In contrast, the effect of the 5-HTT polymorphism (in the whole sample) was small, and subsequent subgroup analyses show that this effect was only evident in patients who also carry the 'low IL-6' CC genotype. Neither polymorphism offered any protection against the fatigue developed during treatment. The finding that the 'low IL-6' genotype is associated with fewer depressive symptoms during IFN-a treatment is consistent with evidence that plasma IL-6 positively correlates with depressive symptoms during IFN-a treatment, 11 infections 13 and major depression. [14] [15] [16] Our data also supports previously published preliminary finding from the American sample, examining the role of the IFN-a receptor gene in the development of depression. 50 The authors found that the 5/5 or 5/14 genotype of a GT repeat dinucleotide microsatellite polymorphism was associated with a larger increase in depressive scores during IFN-a treatment. Because this genotype has also been associated with a superior antiviral activity, 51 these data further support the notion that higher immunological activity is associated with the development of IFN-a-induced depression.
We found that the LL 5-HTT genotype was associated with a much smaller protective effect than the CC IL-6 genotype; interestingly Kraus and coworkers 5 found no effect of this polymorphism on IFN-a-induced depression. Of course, previous studies have demonstrated, in psychiatric populations, that the LL 5-HTT genotype is protective against depression 30 and suicide, 35 and is associated with a better clinical response to antidepressants. 36, 37 Therefore, it is interesting to speculate that the protective effects of the LL genotype can only be evident under specific biological circumstances-for example, in the presence of low inflammation as discussed below. In contrast with the 5-HTT genotype, a 5HT1A receptor gene polymorphism (C-1019G) has been shown by Kraus and co-workers 5 to have a profound effect on IFN-a-induced depression, measured as both occurrence of clinically significant symptoms and as changes in depressive symptoms from baseline.
It is somewhat surprising that in our study neither the IL-6 nor the 5-HTT polymorphism was associated with fatigue. Plasma concentrations of IL-6 have previously been found to correlate with fatigue; 13 but our findings do not necessarily contradict such evidence. It is important to note that the absence of an association between this polymorphism and fatigue does not exclude IL-6 from the pathophysiology of fatigue, because factors other than the polymorphism may have induced elevated IL-6. However, the role of IL-6 in fatigue is not certain because it can be difficult to differentiate the role of IL-6 and IL-1 in inducing behavioural changes as they are both typically elevated during immune activation. Our study is consistent with a recent paper that found no association between this IL-6 polymorphism and chronic fatigue syndrome. 52 There is a paucity of data regarding the relationship between serotonin transporter and fatigue, and the results have thus far been inconsistent. In one small association study, patients with chronic fatigue syndrome had higher prevalence of the L allele compared to controls, 53 but a recent neuroimaging study has shown reduced concentrations of 5-HTT in the brain of patients with chronic fatigue syndrome. 54 Even if depression and fatigue are both cytokineinduced 'sickness behaviours' and typically occur together, do the differences in their genetic regulation indicate a different pathophysiology? Dimensional analysis of symptoms experienced by patients taking IFN-a for malignant melanoma reveals that fatigue (together with psychomotor slowing and anorexia) is distinct from depressive symptoms (depressed mood, anhedonia and anxiety): fatigue occurs earlier in treatment and responds less to antidepressant treatment, whereas depressive symptoms develop later in the treatment and respond more to antidepressants. 55 In our previous prospective cohort studies of patients taking IFN-a for HCV (both in the United States and the United Kingdom), the symptoms follow this same pattern, with increases in fatigue evident earlier than depressive symptoms. 2, 39 However, not all studies have shown depressive symptoms peaking at the end of the treatment, as in this paper and our previous reports; 2, 39 indeed, samples where depressive symptoms reach maximum scores already at weeks 12-16 have also been described. 56, 57 Two biological mechanisms also appear to be associated with developing depression but not fatigue during IFN-a treatment. First, patients who have a larger response of the corticotropin-releasing hormone-mediated stress pathway to an initial dose of IFN-a are significantly more likely to develop major depression during treatment, but not fatigue. 58 Second, the decrease of plasma tryptophan and the increase of kynurenine and neopterin during IFN-a treatment (indicating increased IDO activity) correlate with the development of depression, but not fatigue. 59 Taken together with the present study, these differences between depression and fatigue in time course, response to treatment and correlations with biological variables, suggest that IFN-a-induced depression and fatigue are distinct and reflect different pathophysiological processes.
Our data also indicate the presence of an interaction between the IL-6 and the 5-HTT genes in the development of depressive symptoms. Although the 'high IL-6' carriers were consistently more depressed than 'low IL-6' carriers, within the 'high IL-6' group there was no protective effect associated with the 5-HTT LL genotype: the protective effect of the LL genotype was only evident within the 'low IL-6' CC group. Although we did not measure tryptophan availability, these findings indirectly support previous studies indicating that the effects of this 5-HTT polymorphism are influenced by the availability of tryptophan. 60, 61 Theoretically, subjects with 'high IL-6' genotype could have hyperactive IDO and therefore reduced plasma tryptophan, whereas subjects with the 'low IL-6' genotype would have normal plasma tryptophan. As suggested above, the fact that putative protective effect of 5-HTT LL genotype is dependent on other conditions (genetic and immunological) could explain the overall small protective effect in our study as well as the lack of any protective effect in the study by Kraus and co-workers. 5 One of our aims in conducting this study was to predict which patients were at an increased risk of developing psychopathological symptoms, with the aspiration that genotyping could be used in the future as a clinical screening tool, to offer targeted prophylactic treatment. Although plasma IL-6 concentrations before starting IFN-a treatment have been found to predict the development of symptoms, 12 measuring plasma cytokines at one time point does not provide a reliable cytokine secretion profile 62 and is therefore not an ideal screening tool to identify trait vulnerability within a clinical setting. Our findings indicate that those patients with both the CC (IL-6) and LL (5-HTT) polymorphisms are less likely to develop severe symptoms, but this identifies a relative small group of resilient individuals, rather than those at greatest risk who would most benefit from prophylactic treatment. Nonetheless, considering the debate around the use of prophylactic treatment with antidepressants, 63, 64 and the administration of IFN-a in patients with mental disorders, 42, 43, 65 even identifying a 'very low risk' group is important.
A few limitations must be mentioned. This study was comprised of subjects recruited in both the United Kingdom and the United States, and depression was measured using two different scales in the two sites. However, in our analysis, we minimized the difference between sites, by standardizing the scores to effect size and adjusting for baseline measures. Moreover, when the data were analyzed in accordance with country of recruitment, the direction of the findings was similar across the two centres (albeit with lower statistical power, and more consistently for the IL-6 genotype then for the 5-HTT genotype). Of course, the findings might be confounded by the use of antidepressant or other psychotropic medications; reassuringly, there were no differences between the genotype groups in these variables. However, the small number of subjects precluded us from conducting further subgroup analyses, and therefore we cannot exclude differences in the pattern of use of psychotropic medications; for example, the protective genotypes might be associated with early use of antidepressants and hence with lower depression scores as a result of antidepressant treatment. Finally, our findings of an interaction between the IL-6 and the 5-HTT genes should be approached with caution, given the relatively small sample size and the lack of concomitant biological measures, such as plasma and cerebrospinal fluid concentrations of IL-6 or tryptophan. A strength of this study is that both candidate genes were hypothesis driven, and based on previous research that has identified these SNPs as being functional. Moreover, the allelic frequencies in our sample were similar to those in the general population, as previously reported in the literature: IL-6 C allele = 37% in our sample vs 40% in the study of Fishman et al. 18 and 5-HTT L allele = 66% in our sample vs 65% in Hu et al. 66 Therefore, we would suggest that data from this sample may be extrapolated to the general Caucasian population.
In conclusion, our study shows that functional polymorphisms in the IL-6 gene (rs1800795) and, with a smaller effect, the serotonin transporter gene (5-HTTLPR) are protective factors against the development of depressive (but not fatigue) symptoms during IFN-a treatment, confirming the role of the inflammatory response and serotonergic systems in the pathophysiology of IFN-a-induced depression and possibly in the pathophysiology of major depression. the study was funded by grant numbers K05 MH069124 and R01 MH60723 (National Institute of Mental Health), a NARSAD Independent Investigator Award to J Cubells, and by support from the ScheringPlough corporation.
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